Introduction
In excess of 12 million ha of acid sulfate soils exist worldwide with 3 million ha in Australia (White et al. 1997) . If not managed appropriately, acidic leachate from acid sulfate soils can lead to severe acidification of coastal estuaries and floodplains. Acidification contributes to the loss of agricultural and fishery productivity, environmental degradation, and damage to concrete infrastructure.
The legacy of previously constructed drainage works which discharge large quantities of acid into coastal waterways remains a major environmental, economic, and social problem that requires urgent attention (Indraratna and Blunden 1999) . Estimates of acid discharge rates for drained agricultural land in the range 100-500 kg H 2 SO 4 /ha.year have been reported by Sammut et al. (1996) , Blunden et al. (1997) , and Wilson et al. (1999) .
In the past, coastal floodplain drainage schemes have been implemented without due regard to groundwater drawdown and the depth of acid sulfate soils (White et al. 1997) . Drainage of coastal lowlands is a major contributing factor to the generation and discharge of acidic oxidation products from acid sulfate soils (Sammut et al. 1996) . The generation and transport of acid produced from the oxidation of pyrite in sulfidic sediments is determined by the shallow groundwater hydrology of the catchment. Where groundwater falls below the elevation of the sulfidic soil horizon, atmospheric oxygen is able to diffuse through the overlying soil layers to react with the sulfide minerals in the sulfidic soil to generate acid. In this sense, appropriate manipulation of groundwater is the key to minimising the generation of acidic oxidation products (Pease et al. 1997; White et al. 1997; Wilson et al. 1999) .
Prior to the implementation of systematic drainage in coastal lowlands, inundation of low-lying backswamps occurred for considerable periods of time. White et al. (1997) suggested that length of inundation may have been about 100 days. To use such lowlying areas for agricultural purposes, extensive drainage networks have been constructed to efficiently remove surface water. One-way floodgates have been installed where drainage systems discharge into tidal systems at low tide to protect against inundation and to drain the land as quickly as possible.
Channelised, high density drainage systems have greatly increased the rate of lateral outflow from backswamp areas. Where backswamps may have been inundated for a few months under natural hydraulic conditions, the installation of floodgated drainage systems has resulted in excess surface water being removed from backswamps in <1 week (White et al. 1997) . Since drainage does not alter rainfall or evapotranspiration, but greatly increases lateral outflow, a net increase in the water discharged from the system occurs. This results in a lowering of the watertable below its natural position.
Deep drains installed in coastal lowlands contribute to the unrestricted discharge of acidic oxidation products from sulfidic soils. Where the groundwater table falls below the elevation of the sulfidic soil layer, atmospheric oxygen is able to diffuse through the overlying soil pores to react with the sulfide minerals in the sulfidic soils to generate acid. The entrainment of air (hence, atmospheric O 2 ) takes place quickly because of the higher porosity of the surface soil deposits (above the sulfidic soil layer) caused by old root channels, weathering, desiccation, and soil disturbance by agricultural activity. The influence of deep flood mitigation drains on the lowering of the groundwater table and the subsequent oxidation of pyrite is shown in Fig. 1 .
Flood mitigation drains often have 1-way flap valves where the flap valves discharge water from the drain into the nearby creek at low tide, but prevent entry of water from the creek into the drain at high tide. This ensures that the water level in the drain quickly reaches a steady-state elevation at the low-tide level. Given the steady-state water level in the drain, a hydraulic gradient from the surrounding land towards the drain is established, which causes a general lowering of the groundwater elevation in the surrounding catchment (Fig. 1a) . Pyrite may be exposed to oxidising conditions where drawdown has caused the groundwater table to fall below or into the sulfidic soil layer. Where oxidising conditions exist, the overall reaction for the complete oxidation of pyrite in moist sulfidic soils is (Dent 1986 ):
If dry conditions prevail, evapotranspiration from the groundwater can lower the groundwater table even further to cause a hydraulic gradient where water flows away from the drain. In most sulfidic soils, the hydraulic conductivity is smaller than the evapotranspirative loss from the groundwater table, giving rise to substantial lowering of the groundwater table away from the drain (Indraratna and Blunden 1999; Wilson et al. 1999) . This is demonstrated in Fig. 1b . Under these dry climatic conditions, very large volumes of sulfidic soil can be exposed to oxidising conditions, which in turn generate large quantities of acid. Once the groundwater is recharged by rainfall, the acidic 
oxidation products already generated when the groundwater table was below the sulfidic soil layer can be transported to the drains.
The generation of acidic products can be reduced by limiting the oxidation of pyrite by molecular oxygen. The diffusion of oxygen through water is about 10 5 times slower than that through air. Therefore, a successful method of reducing oxygen transport to the pyritic layer is to maintain high groundwater levels above the elevation of the sulfidic soil or a nearly saturated layer between the soil surface and the sulfidic soil layer, similar to the 'oxygen barrier' concept described by Nicholson et al. (1989) for the management of sulfidic mine tailings.
The objective of this study is to evaluate water management options that may be applicable for the management of sulfidic soils on agricultural land in eastern Australia. Groundwater regimes were simulated using FEMWATER, a 3D finite element model for simulating flow and transport in variably saturated media (Lin et al. 1997 ) and the oxidation of pyrite was simulated using the Simulation Model for Acid Sulfate Soils (SMASS) developed by Bronswijk and Groenenberg (1992) . Application of irrigation is simulated using the SWACROP model, which is a sub-component of the SMASS model. Soil and climate data collected during 1997-98 for a drain management trial located near Berry on the South Coast of New South Wales are used as input for the models. This includes a wet period with groundwater being close to the surface as well as a prolonged dry period that resulted in the groundwater falling below the sulfidic soil layer.
Methods and materials

Study site
The study site is located within a sub-catchment of approximately 120 ha that has been drained for agricultural and flood mitigation purposes. The site is adjacent to the township of Berry (34°S, 150°E) on the south coast of New South Wales, Australia. A network of deep flood mitigation drains was constructed across the site in the late 1960s. The drains discharge into Broughton Creek, a left-bank tributary of the Shoalhaven River, through 1-way floodgates that discharge during low tide. The site is typical of coastal floodplains in New South Wales with a maximum elevation of 4 m relative to the Water management strategies for sulfidic soil Australian Height Datum (AHD) and the lowest elevation <1 m AHD. Sulfidic sediments were formed during the Holocene period under a barrier estuary environment (Roy 1984) , and have subsequently been covered with shallow layers of alluvium of varying thickness. This layer of alluvial material is approximately 1.3-1.5 m deep at the study site. The sulfidic soil begins at an elevation of -0.7 m AHD and extends to -1.7 m AHD. A dense, massive Pleistocene clay underlies the sulfidic soil.
Groundwater monitoring
Piezometers were installed in a transect located 300 m upstream of the floodgate that connects the flood mitigation drain to Broughton Creek. The piezometers were spaced at 1, 10, 20, 50, 90, and 150 m distance perpendicular to the flood mitigation drain. Each piezometer was constructed from perforated 50-mm PVC pipe and installed to a depth of 2.5 m below the ground surface. The piezometer elevations were surveyed to a known benchmark and manual groundwater elevation measurements were made using a measuring stick.
Rainfall and evapotranspiration
Rainfall was measured, and evapotranspiration was calculated by the Penman-Monteith method, using a Campbell Scientific WeatherWatch 2000 weather station. The difference between rainfall and the calculated evapotranspiration for the study period is shown in Fig. 2 . where F is a storage coeffecient, h is pressure head, t is time, K is the hydraulic conductivity tensor, z is potential head, q is the source and/or sink, ρ is water density at chemical concentration C, ρ 0 is referenced water density at chemical concentration zero, ρ* is density of either injected fluid or withdrawn water, θ is moisture content, α´ is modified compressibility of the medium, β´ is modified compressibility of water, n is porosity of the medium, and S is saturation. The hydraulic conductivity tensor K is given by: where µ is the dynamic viscosity of water at chemical concentration C, µ 0 is the referenced dynamic viscosity at zero chemical concentration, k is the permeability tensor, k s is the saturated permeability tensor, k r is the relative permeability or relative hydraulic conductivity, and K so is the referenced hydraulic conductivity tensor.
The initial conditions for the flow equation are given by:
where R is the region of interest and h i is the prescribed initial condition, which can be obtained by either field measurements or by solving the steady-state Eqn 2. Lin et al. (1997) demonstrated the application of FEMWATER to a number of 3D water flow and contaminant transport problems, where a multiple of soil layers exist, transient rainfall (flux) and ground or surface water-level (head) boundary conditions are defined, and where initial conditions (e.g. elevation of the watertable) are not constant across the simulation mesh. FEMWATER is shown to be applicable in the coastal environment by citing a simulation performed by the US Corp of Engineers investigating the impacts of deep navigation channels on coastal shallow aquifers (Lin et al. 1997) . A complete description of FEMWATER is given by Lin et al. (1997) . The FEMWATER simulations were constructed using the Groundwater Modelling System 2.1 software and run on a 166 MHz Pentium PC. Solutions were calculated and saved for daily timesteps.
FEMWATER mesh and boundary conditions
The water levels in the existing drain and the weir management strategies were simulated using FEMWATER by constructing a finite element mesh 150 m long (the length of a piezometer transect at the study site), 5 m deep, and 40 m wide (the width of a field), assigning material properties to 6 soil layers, and applying appropriate boundary conditions. The atmospheric and drain water-level boundaries were determined from field data collected between July 1997 and July 1998. The atmospheric boundary was defined as a transient variable flux at the nodes at the top of the finite element mesh. The drain water levels were defined as either a variable head (i.e. drain simulation) or a constant head (i.e. weir simulation) at the elements across the drain-soil interface. Cross-sections of the drain and weir simulation head boundary conditions at the drain-soil interface are shown in Fig. 3 . The depth of the flood mitigation drain at the site is also shown in Fig. 3 . The initial static water pressure was taken from piezometer data collected at the site and applied as a pressure head distribution for the saturated and unsaturated parts of the soil profile. A summary of the boundary conditions applied to FEMWATER simulations is shown in Table 1 .
A schematic diagram of the FEMWATER mesh with symbols showing various boundary conditions and the initial groundwater elevation is shown in Fig. 4a . The plan view of the mesh used in the groundwater simulations showing the element geometry and location of the nodes is shown in Fig. 4b . All triangular solid elements used in the 3D finite element simulation have 6 nodes, one at each corner, and the complete mesh consisted of 1235 elements and 1728 nodes. FEMWATER uses a pointwise iterative matrix 574 B. G. Blunden and B. Indraratna drain water elevation at -0.5 m elevated drain water level using with effluent Addition of 25 mm irrigation weirs with effluent irrigation irrigation every 7 or 14 days into SWACROP solver in conjunction with a Gaussian quadrature scheme. A maximum of 40 iterations was allowed for solving the non-linear flow equation, or until a steady-state convergence criteron of 10 -3 was achieved.
Material properties for FEMWATER
Soil physical parameters used to define the material properties in FEMWATER were determined from saturated hydraulic conductivity and moisture characteristic data for samples collected at the site. Samples were collected at 0.3-m depth increments to a maximum depth of -0.95 m AHD (i.e. in the sulfidic soil). Brass sampling cores (98 mm diameter by 70 mm high) were taken in the vertical and horizontal plane for determination of saturated hydraulic conductivity using the falling head method. PVC cores (50 mm diameter by 50 mm high) were taken in the vertical plane for determination of the moisture characteristic curve using a pressure plate apparatus. Moisture characteristic curves for samples taken at 0.3-m depth increments are shown in Fig The moisture characteristic curves reveal low air-entry values for all soil layers overlying the sulfidic soil which begins at a depth of -0.75 m AHD. Rapid groundwater drainage is facilitated by the sandy soil layer between -0.4 and -0.75 m AHD. Low air-entry values indicate that air-filled pore space becomes available soon after the watertable falls, enabling gas to diffuse rapidly through the unsaturated part of the profile. The large cylindrical pores (diameters 2-12 mm) were observed in the soil profile. These pores drain very quickly and assist the rapid diffusion of oxygen to the sulfidic soil layer. The low airentry values suggest that oxidation of pyrite will commence very soon after the groundwater level falls below the elevation of the sulfidic soil.
A summary of the material properties, including the van Genuchten (1980) parameters used to define the shape of the moisture characteristic curves used in the FEMWATER simulations, is given in Table 2 .
The uniformly high saturated hydraulic conductivity in the vertical orientation (k v ) is attributed to continuous, large diameter, vertically orientated macropores. Macropores as large as 12 mm diameter were observed during profile description. They may represent relic root channels of riparian or estuarine plants that were present on the site prior to clearing. The saturated hydraulic conductivity in the horizontal orientation (k h ) was considerably more variable down the profile. Close to the surface, k h was not significantly different (P > 0.05) from k v . This may be attributed to the highly aggregated soil structure generated by vigorous biological activity. In the sulfidic soil layer, k h decreased to 0.2 m/day. The sulfidic soil has a tightly packed clay matrix with vertically orientated macropores. The underlying Pleistocene clay layer has a massive structure and is very dense (about 1700 kg/m 3 ). Saturated hydraulic conductivity measurements were not taken for the Pleistocene clay, so k h and k v were assumed to be 0.2 m/day, the same as k h in the sulfidic soil.
Bottom flux boundary calibration
Removal of water by evapotranspiration from the groundwater table, particularly water extraction by plant roots at depth, is difficult to model explicitly by FEMWATER. Rather, evapotranspiration from the surface was simulated using a variable water flux boundary condition at the mesh boundary by using the difference between daily rainfall and calculated evapotranspiration. This results is an underestimation of the lowering of the groundwater table by evapotranspiration. To overcome this inadequacy in FEMWATER, a variable flux boundary was used to simulate deep drainage at the bottom of the mesh (Fig. 4) . The flux through the bottom of the mesh was determined by matching the observed groundwater levels measured in piezometers located 10 and 90 m from the drain with the elevation of the piezometric surface calculated by FEMWATER. The bottom flux rate varied between 0.0045 and 0.006 m/day.
Simulation model for acid sulfate soils (SMASS)
SMASS is fully described by Bronswijk and Groenenberg (1992) . A brief overview of the model is presented here. The SMASS comprises 4 sub-models that compute the 1-dimensional vertical water and solute transport, pyrite oxidation, and chemical reactions in the acid sulfate soil profile. The vertical 576 B. G. Blunden and B. Indraratna water transport in the soil profile is calculated by the water transport model SWACROP developed by Belmans et al. (1983) . Subsequently, the air-filled porosity at various depths is calculated from the difference in the porosity and the moisture content. Next, the air content profile and oxygen diffusion coefficients are calculated in the oxygen transport and pyrite oxidation sub-model. The oxygen concentration in the profile is derived from the diffusion of oxygen into the soil from the atmosphere and the consumption of oxygen in the soil by organic matter decomposition and oxidation of pyrite. The pyrite oxidation rate at a given depth is determined by the concentration of oxygen at that depth. The model calculates the amount of H + , SO 4 2+ , and Fe 3+ generated during pyrite oxidation according to a spherical reduction numerical scheme. The oxidation products are redistributed through the soil profile depending on the water fluxes within the solute transport sub-model. Bronswijk et al. (1995) and Van den Bosch et al. (1998) used SMASS to evaluate water management strategies for sustainable land use of acid sulfate soil in coastal lowlands in South East Asia where acid sulfate soil is very close to the surface. SMASS was validated by Bronswijk et al. (1993 Bronswijk et al. ( , 1995 and Van den Bosch et al. (1998) for their study site conditions and was found to be in good agreement with data measured from the field or in laboratory experiments.
SMASS material and boundary conditions
The soil moisture content and water transport in the soil profile were determined using the SWACROP water balance model that supports SMASS. The material properties required for SWACROP are the same as those required for FEMWATER, which are shown in Table 2 . Evapotranspiration from the soil was determined using the Penman-Monteith method with site weather data collected by the weather station and used as input data for the surface boundary. Daily groundwater elevation was either from measured piezometer data (for the existing drained simulation) or from the simulated groundwater elevation using FEMWATER (for the weir simulation). The irrigation options were simulated by the addition of 25 mm irrigation at a 7-or 14-day cycle directly into SWACROP in conjunction with the drain or weir groundwater levels. SWACROP simulates the redistribution of water through the soil profile and calculates the elevation of the groundwater table. For the irrigation simulations, the groundwater elevation data were taken from the SWACROP output.
Laboratory and field data were used to initialise SMASS. A summary of the data requirements for SMASS is given in Table 3 . Samples were collected at 10 and 90 m distance from the drain in 0.1-m increments to a depth of -1.5 m AHD in July 1997. The samples were packed in plastic bags, chilled in the field, and returned to a cool room (4°C) for storage within 4 h. Samples were kept cold during transport to the laboratory, where they were split in two. One half was dried at 85°C for determination of the pyrite concentration using the POCAS method (Ahern et al. 1998) , effective cation exchange capacity (Rayment and Higginson 1992) , and total carbon using a LECO C, N, S furnace. In the remaining undried sample, soil pH was measured by direct insertion of a Horiba D-24 pH probe.
The initial pyrite concentration, organic matter content (total carbon), soil pH, and cation exchange capacity used to initialise SMASS are shown in Fig. 6 . The average pyrite crystal size of 1 m was measured using a scanning electron microscope and was used to initialise SMASS for all sulfidic soil layers. The distribution of pyrite crystal size determined from a sample collected at -0.95 m AHD at 90 m from the drain is shown in Fig. 7 . SMASS was compiled and run using UNIX F77. Input files were developed using a PC text editor.
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Results and discussion
Measured groundwater profiles for existing drained situation
Groundwater levels varied considerably during the study period and have been controlled by groundwater drawdown from the drains, rainfall, and evapotranspiration. A series of groundwater profiles are shown in Fig. 8 to illustrate the influence of these factors for the 365-day period starting 18 July 1997 for the existing deep drainage situation. The profile at Day 28 shows a typical drainage profile where the level of water in the drain is below the groundwater level in the surrounding catchment. The hydraulic gradient causes groundwater to flow towards the drain and discharge to the drain through seepage faces in the drain walls. Seepage from the field into the drain continues whilst the hydraulic 578 B. G. Blunden and B. Indraratna gradient is in that direction. Prolonged seepage in the absence of groundwater recharge from either rainfall or upland groundwater movement results in a relatively flat groundwater profile where the water level in the drain is in equilibrium with the surrounding groundwater level. This equilibrium was achieved around Day 179. From Fig. 8 at Day 238, it is apparent that the groundwater level falls progressively more as the distance from the drain increases. This is caused by evapotranspiration 579 Water management strategies for sulfidic soil removing water from the soil profile. The groundwater levels at 10 m have been maintained by the constant water level (low tide level approximately -0.9 m AHD) in the drains. Seepage has occurred through the drain walls, although the resupply rate from the drain is not sufficiently rapid to transport water laterally through the lower soil layers to influence groundwater levels further away from the drain.
The drought was broken by a period of rainfall that started on Day 267. During the subsequent rainfall period, the groundwater elevation rose rapidly as a result of the site becoming inundated with floodwater. Flooding at the study site occurs due to both heavy rainfall and run-on water being directed onto the site from adjacent upland areas. Similar flooding events were experienced at the site during the first 100 days of the monitoring period.
Simulated groundwater profiles for water management options
The relationship between the observed and simulated groundwater elevations at 10 and 90 m distance from the drain for the existing drained situation is shown in Fig. 9 . The FEMWATER simulation for the existing drained situation is in good agreement with the observed groundwater elevation data. This indicates that FEMWATER is able to adequately simulate the groundwater hydrology of the study site. One inadequacy of the simulation was that the elevation of the simulated groundwater table was underestimated immediately after heavy periods of rainfall (e.g. Days 69 and 83) that led to flooding on the study site. This is attributed to an underestimation of the volume of water available for infiltration on the surface rainfall-evapotranspiration boundary in the simulation. Also, at the study site a large component of surface flood water is run-on water that originates on adjacent upland areas. The resulting unsteady surface flows were not incorporated in the numerical analysis based on FEMWATER.
The simulated groundwater elevation profiles for the water management options described in Table 3 are shown in Fig. 10 . A substantial increase in the elevation of groundwater level at 10 and 90 m distance from the drain was achieved by maintaining the water level of the drain at -0.5 m AHD by a weir. During the worst part of the drought period where groundwater levels fell well below the elevation of the sulfidic soil layer, maintenance of the drain water level at -0.5 m AHD resulted in the groundwater at 10 and 90 m from the drain being 0.5 and 0.4 m higher than under the existing drained conditions.
Irrigation on a 14-day cycle in conjunction with installation of the weir did not appreciably increase the groundwater level above that achieved by the elevated drain water levels from the weir alone. Small transient peaks about 5 mm high occurred in the elevation of the groundwater surface on a 14-day cycle that was consistent with the timing of the application of the effluent in the weir and irrigation simulation. Application of irrigation alone at either the 7-or 14-day rate did not influence the elevation of the groundwater level.
Measured and simulated pyrite concentration for the existing drained situation
The pyrite concentration of the sulfidic soil at elevations of -0.7, -0.8, and -0.9 m AHD was determined from samples collected at 90 m distance from the drain in July 1998 (i.e. the end of the simulation period). The measured pyrite concentrations at these depths at both the start and end of the simulation period, as well as the pyrite concentrations calculated by SMASS at the end of the simulation, are shown in Fig. 11 .
The computed pyrite concentration in the soil profile at 90 m from the drain after 365 days for the drain simulation correspond well with the measured pyrite concentration. The amount of pyrite consumed during oxidation was overestimated by SMASS at -0.7 m AHD by 0.2% FeS 2 compared with the measured pyrite concentration. At both -0.8 and -0.9 m AHD, SMASS underestimated pyrite consumption by 0.1% FeS 2 compared with the measured pyrite concentration. Given the likely variability in the pyrite concentration of the sulfidic soil, the calculation of pyrite concentration by SMASS is in good agreement with field data. Bronswijk et al. (1993) also showed close agreement between the pyrite concentration computed by SMASS and measured data from column experiments, and experienced similar or greater differences between measured and computed pyrite concentrations.
Simulated sulfate production and pyrite consumption for water management options
The generation of sulfate by the consumption of pyrite at 10 and 90 m from the drains for the water management options is shown in Fig. 12 . The onset of sulfate production occurs when the groundwater elevation falls below the level of the sulfidic soil at an elevation of -0.7 m AHD. This enables oxygen to diffuse to the sulfidic soil layer and cause pyrite oxidation in accordance with Eqn 1. Application of 25 mm of irrigation on a 7-day cycle reduced the time of sulfate production by 20 days with oxidation of pyrite ceasing at Day 260. The application of 25 mm of irrigation on a 7-day cycle was shown to be the most effective water-management strategy in reducing the amount of sulfate generated or pyrite oxidised. The amount of sulfate produced under the 7-day irrigation option was 2.7 mol/m 2 from the oxidation of 0.16 kg pyrite/m 2 at 10 m distance from the drain and 3.3 mol sulfate/m 2 from the oxidation of 0.20 kg pyrite/m 2 at 90 m from the drain. Irrigation on a 14-day cycle did not influence the length of sulfate production period relative to the existing situation and was the worst of the simulated water management options. The 14-day irrigation option produced 10.9 mol sulfate/m 2 from the oxidation of 0.66 kg pyrite/m 2 at 10 m distance from the drain and 12.1 mol sulfate/m 2 from the oxidation of 0.72 kg pyrite/m 2 at 90 m from the drain. Installation of the weir in the drains to maintain a drain water level of -0.5 m AHD was successful in minimising the time of oxidation and the generation of sulfate. Oxidation of pyrite occurred between Days 230 and 270 at both 10 and 90 m distance from the drains for the weir water management option. The weir options resulted in a significant reduction in the amount of pyrite oxidised and sulfate generated, although these options were not as successful as the application of 25 mm irrigation on a 7-day cycle. The elevated drain water level-weir option produced 3.6 mol sulfate/m 2 from the oxidation of 0.22 kg pyrite/m 2 at 10 m distance from the drain, and 6.7 mol sulfate/m 2 from the oxidation of 0.40 kg pyrite/m 2 at 90 m from the drain. Application of irrigation on a 14-day cycle in addition to implementation of the weir resulted in a small additional reduction in the time of pyrite oxidation and generation of sulfate. Fig. 13 shows the amount of pyrite that had oxidised at each depth as a percentage of the pyrite present at the start of the simulations. The 7-day irrigation and both the weir strategies limited the consumption of pyrite to about 10% in the upper 0.1 m of the sulfidic soil layer, with decreasing amounts of pyrite being consumed down to a depth of 1.65 m below the surface at 10 m distance from the drain. In contrast, the existing situation and 14-day irrigation treatment consumed relatively large amounts of the initial pyrite concentration to a depth of 1.85 m below the surface.
The magnitude of the reduction in the amount of pyrite present in the soil experienced during the simulation period (which included a severe drought) for the existing over-drained situation emphasises the need for better water management to minimise the generation of acidity from the oxidisation of pyrite. Bronswijk et al. (1995) suggested the promotion of pyrite oxidation in the upper part of the sulfidic soil layer and flushing of the acidic oxidation products from the soil as a suitable technique for agriculture in Indonesia where sulfidic soils are close to the surface. Bronswijk et al. (1995) showed that complete oxidation of sulfidic soils that were prone to oxidation could be achieved in as little as 3-4 years for their Indonesian site. The strategy of promoting pyrite oxidation and leaching of the acidic oxidation products is unlikely to be successful at this site. Under existing conditions for this site it would take in excess of 4 similarly severe drought periods to completely oxidise the remaining pyrite from the first 0.1 m of the sulfidic soil layer. Deeper deposits of sulfidic soils would still remain and would pose acid generation problems in subsequent drought periods. The soil, and leachate transported to the drains, would remain at a low pH until all the pyrite in the oxidised sulfidic soils was consumed and internal buffering within the soil neutralised the store of acidity present in the soil. Given the large quantity of acidity already existing in the soil profile, this neutralising process may take many decades. Poor agricultural productivity and environmental degradation would persist during this period.
Simulated moisture content profiles for water management options
The concentration of oxygen at a specific place in the soil profile is determined by both the consumption of oxygen in the soil and the rate of diffusion of oxygen into the soil pore space. SMASS determines the oxygen diffusivity in soil pore space (D s ) according to:
where F is tortuosity, ε a is air-filled porosity, and D o is oxygen diffusivity in air.
The magnitude of D s defined in Eqn 6 can be reduced where high water saturation in the soil results in small values of ε a . The simulated volumetric moisture content profiles for the existing drained state, irrigation of 25 mm on a 7-day cycle, and the weir strategy, at 10 and 90 m distance from the drain, respectively, are shown for Day 250 in Fig. 14 .
Day 250 represents the situation where groundwater elevations are lowest, resulting in high pyrite oxidation and sulfate generation. Fig. 14 shows that the reduction in sulfate production from pyrite oxidation can be attributed to high water saturation in different parts of the profile for the irrigation and weir management options. For the irrigation strategy, the upper 0.3 m of the soil profile is maintained in a nearly saturated state with volumetric moisture content of about 50%. The high moisture status of the surface soil reduces ε a to about 5%, which results in a very low oxygen diffusivity in the soil pore space near the surface. The nearly saturated layer acts as an oxygen barrier which reduces the amount of oxygen that can be transported to the deeper pyritic sediments.
The weir strategy relies upon maintenance of highly saturated soil layers at depth. At 1.35 m, the depth of the sulfidic soil layer, the air-filled porosity for the weir option is 6.5% and 11.6% at 10 and 90 m, distance from the drain, respectively, whereas the air-filled porosity for the 7-day irrigation is 15.8% and 19.7% at 10 and 585 Water management strategies for sulfidic soil 90 m respectively. According to Eqn 6, the diffusivity of oxygen into the sulfidic soil will be less for the weir option than the irrigation alternative in the sulfidic soil. Reduction of D s in the sulfidic soil layer may restrict the amount of pyrite oxidation and the depth that oxidation of pyrite can occur. Fig. 14 shows that air-filled pore space is available to transport oxygen to a depth of 2.35 m for the irrigation option at 90 m distance from the drain, whereas saturation occurs at a depth of 1.85 m for the weir alternative. In addition, the moisture content of the soil is higher between 1.35 and 1.55 m depth as a result of capillary action in the clayey potential acid soil for the weir options than the irrigation option, thereby reducing the diffusivity of oxygen according to Eqn 6.
Assessment of water management options
All the water management options simulated using FEMWATER and SMASS were effective in reducing the oxidation of pyrite in the sulfidic soil relative to the existing over-drained situation. The relative effectiveness of the water management strategies in comparison with the existing situation is shown in Fig. 15 . Application of 25 mm irrigation on a 7-day cycle reduced sulfate production to 11% and 6% of the existing situation at 10 and 90 m from the drain, respectively. However, irrigation on a 14-day cycle reduced sulfate production to only 76% and 78%. Maintenance of an oxygen barrier of nearly saturated soil is the key for reducing the oxidation of pyrite in the underlying sulfidic soil. Application of irrigation as a strategy to minimise pyrite oxidation requires careful consideration. Due to the unreliable rainfall patterns in eastern Australia, the ability to secure sufficient volumes of water for irrigation during dry summer periods is difficult. If irrigation rates are relaxed or insufficient irrigation is applied, then rapid pyrite oxidation may occur when groundwater levels fall below the elevation of the sulfidic soil layer. However, where secure sources of irrigation exist, such as effluent from sewage treatment plants, then significant reductions in the oxidation of pyrite may be achieved.
Simulation of the groundwater regime caused by the installation of a weir in the drain to maintain a drain water level of -0.5 m AHD resulted in a reduction to 25% and 43% of the existing situation at 10 and 90 m from the drain, respectively. The addition of irrigation on a 14-day rotation to the weir option only reduced sulfate production by another 1-2%. Sulfate production occurred between Days 230 and 260, which corresponds with the worst part of the drought period. The onset of sulfate production occurred at Day 190 for the irrigation options. This suggests that implementation of the weir strategy delays the onset of oxidising conditions in the sulfidic soil. Under 'normal' climatic conditions, it is envisaged that elevated drain water levels will maintain groundwater levels above the sulfidic soil horizon. Where a rainfall deficit occurs, evaporation from the open drain water surface may result in a reduction of the water level in the drain. Strategies to minimise evaporation from the drain or to 'top up' drain water levels should be considered during dry periods. The addition of brackish water into drains from nearby waterways may be an appropriate source of water for maintenance of drain water height. Given the very low saturated hydraulic conductivity of the sulfidic soil in the horizontal plane, intrusion of saline water into the groundwater would not be significant. Fig. 8 demonstrates that recharge from the drain into the surrounding groundwater occurs extremely slowly.
Implementation of elevated drain water levels using weirs may also prove to be effective in reducing the acid discharge rate into the drains as the hydraulic gradient from the groundwater to the drain will be reduced. The smaller hydraulic gradient retards the discharge rate of the existing acidity in the soil to the drain. The slower acid discharge rate may enable the natural buffering capacity of the receiving waters to neutralise the slow leakage of acidity.
Determination of the titratable acidity using the total actual acidity method (Ahern et al. 1998) for the upper 1.5 m of the soil profile showed that approximately 88 mol H + /m 2 (which corresponds to the equivalent of 43 t H 2 SO 4 /ha) existed at the start of the study period. The oxidation of 0.92 kg FeS 2 /m 2 during the study period under the existing drained conditions caused the equivalent of an additional 15 t H 2 SO 4 /ha to be generated and made available for export. The pyrite oxidised during the period of low groundwater elevation represents about 35% of the acid originally stored within the soil profile. This suggests that high rates of evapotranspiration experienced during droughts, coupled with inappropriate drainage practices, plays a significant part in the generation of acid that subsequently becomes available for export. In addition, these acidifying events cause basic cations on the cation exchange sites to be replaced with acidic cations such as aluminium and hydrogen (Ritsima et al. 1992) . The acidified soil causes the groundwater to become acidic, irrespective of groundwater elevation, as the groundwater achieves chemical equilibrium with the soil. Groundwater pH measured at the study site is usually within the range 3.2-4, even when the groundwater elevation is higher than the sulfidic soil layer. However, immediately after pyrite oxidation, the groundwater pH falls to <3.
Other acid sulfate soil management strategies
The simulation data presented in this paper indicate that watertable management is the key to minimising acid generation in land affected by acid sulfate soils. The redesign of drainage systems that influence groundwater drawdown may ultimately be the most effective acid sulfate soil management technique, although it is expensive and physically demanding. White et al. (1997) suggested that broad shallow drains may improve the removal of excess surface water from agricultural land, thereby reducing the instance of waterlogging without causing drawdown of the groundwater-table typical of deep narrow drains. Lawrie and Murphy (1996) reported that replacing deep drains with shallow spoon drains, laser levelling to promote efficient overland flow, effluent irrigation, and surface liming had a positive effect on acid sulfate soil affected land near Bomaderry (NSW). These works are associated with the disposal of high strength effluent from an adjacent industrial activity, making the adoption of acid sulfate soil and/or agricultural management practices of secondary importance. The capital expenditure required for drain filling/reshaping and laser levelling may be difficult to justify for agricultural activities involving grazing.
Liming has been the traditional response to managing acid soil. However, the adoption of large-scale liming treatment on broad-acre agricultural land is prohibitively expensive, given the quantity of lime required to neutralise the existing acidity in the soil and the low agricultural productivity of the land where grazing is the primary land use.
Conclusions
Appropriate surface and groundwater management is the key to the sustainable management of sulfidic soils. Observed groundwater elevation data showed that the groundwater fell below the sulfidic soil layer for a period of about 70 days for the existing drained situation during the summer of 1997-98. This caused the oxidation of pyrite in the sulfidic soil and the subsequent generation of a considerable volume of sulfuric acid.
Simulation of water management strategies that reduce the diffusivity of oxygen into the pyritic material was shown to be effective in reducing the amount of pyrite oxidation in comparison with the existing drained situation. Application of 25 mm of irrigation on a 7-day cycle was demonstrated to be the most effective strategy to reduce pyrite oxidation. Irrigation on a 14-day cycle was shown to be the least effective. This indicated that the volume and amount of irrigation applied must be carefully managed so that a permanent oxygen barrier is maintained near the soil surface to minimise the transport of oxygen to underlying sulfidic soil layers. Securing an adequate supply of irrigation water may pose a significant challenge in El Nino-influenced eastern Australia.
Installation of a weir in the existing drain was also found to be effective. Maintenance of drain water level at -0.5 m AHD increased the groundwater levels by 0.5 and 0.4 m at 10 and 90 m, respectively, from the drains during the most severe part of the 1997-98 summer drought period. Simulations indicate that the amount of pyrite oxidised was reduced by 75% and 57% at 10 and 90 m with respect to the existing situation for the weir option. Additional irrigation in conjunction with the weir option further reduced the amount of pyrite oxidised by 1-2%. Maintenance of drain water levels during prolonged dry periods could be achieved by pumping readily available sources of brackish estuarine water into the drains. Saline intrusion is not expected due to the very low permeability of the sulfidic soils in the horizontal plane.
The cost of installing weirs to maintain drain water levels or irrigation systems is reasonably low and may have direct benefits for pasture productivity. Other alternatives such as liming or redesign of drainage systems are considerably more expensive.
